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ABSTRACT:

CYP2A5 metabolizes xenobiotics and activates hepatocarcino-
gens, and induction occurs in response to hepatic damage and
cellular stress. We evaluated whether ethanol can elevate CYP2A5
and whether CYP2E1 plays a role in the ethanol induction of
CYP2A5. Wild-type (WT), CYP2E1 knockout (KO), and CYP2E1
knockin (KI) mice were fed ethanol for 3 weeks. Ethanol increased
CYP2E1 and CYP2A5 protein and activity in WT mice but not in the
KO mice. Induction of CYP2A5 (and CYP2E1) was restored in the KI
mice. Ethanol induction of CYP2A5 occurred only after CYP2E1
was first induced. Immunohistochemical staining revealed that
CYP2E1 and CYP2A5 colocalize to the same zones in the liver.
Ethanol also elevated CYP2A5 mRNA levels in WT and KI mice but
not in KO mice. Induction of CYP2A5 by cadmium was partially

decreased in KO mice compared with WT or KI mice. Ethanol
elevated CYP2A4 mRNA levels in all mice although the extent of
induction was lowest in the KO mice. In summary, ethanol elevated
mouse hepatic CYP2A5 levels, which may be of toxicological sig-
nificance because CYP2A5 metabolizes nicotine and other drugs
and activates hepatocarcinogens. Induction of CYP2A5 by ethanol
is potentiated by the induction of CYP2E1. We speculate that
ethanol induction of CYP2E1 followed by increases in reactive
oxygen species and activation of Nrf2 are important steps in the
mechanism by which ethanol induces CYP2A5. The possibility that
induction of CYP2E1 is permissive for the induction of CYP2A5 may
reflect a new contribution by CYP2E1 to the actions of ethanol.

Introduction

Mouse CYP2A5 and its human ortholog CYP2A6 metabolize sev-
eral important xenobiotics including nicotine, coumarin, cotinine,
testosterone, aflatoxin B1, and nitrosamines (Su and Ding, 2004).
CYP2A5 is expressed in many tissues with high levels found in the
respiratory tract, liver, and kidney. Increased expression of CYP2A5
occurs during viral, fulminant, or bacterial hepatitis, in certain tumors,
and after treatment with a variety of hepatotoxins and heavy metals
(Jounaïdi et al., 1994; Abu-Bakar et al., 2004; De-Oliveira et al.,
2006; Lämsä et al., 2010). Induction of CYP2A5 has been suggested
to occur in response to hepatocellular damage and to endoplasmic
reticulum stress (Gilmore and Kirby, 2004). Depending on the in-
ducer, the activation of hepatic CYP2A5 can occur via transcriptional
and post-transcriptional mechanisms (Abu-Bakar et al., 2004, 2007;
Gilmore and Kirby, 2004). Pyrazole, widely used as an inhibitor of
alcohol dehydrogenase and of ethanol metabolism (Goldberg and
Rydberg, 1969), induces CYP2A5 largely by a post-transcriptional
mechanism involving stabilization of the CYP2A5 mRNA (Juvonen
et al., 1985; Nichols and Kirby, 2008). Recent studies have indicated
a role for cellular redox status and possible activation of stress-related
transcription factors in activation of CYP2A5 (Gilmore and Kirby,

2004; Su and Ding, 2004; Abu-Bakar et al., 2007; Lämsä et al., 2010).
For example, treatment of hepatocytes with menadione, a redox
cycling agent, elevated CYP2A5 expression (Gilmore and Kirby,
2004). Pyrazole increases oxidative stress; pretreatment of hepato-
cytes with antioxidants such as N-acetylcysteine or vitamin E blunted
pyrazole-mediated increases in CYP2A5 mRNA levels (Gilmore and
Kirby, 2004). In a mouse hepatitis model, high CYP2A5 expression
was found to colocalize with superoxide formation, suggesting that
superoxide can up-regulate CYP2A5 (Sipowicz et al., 1997). A major
advance was the finding that CYP2A5 constitutive expression and
induction by heavy metals such as cadmium or lead or mercury were
dependent on the redox-sensitive transcription factor Nrf2 in liver
(Abu-Bakar et al., 2004, 2007; Lämsä et al., 2010). CYP2A5 was
up-regulated by Nrf2 overexpression or deregulated by overexpres-
sion of Keap1, an inhibitor of Nrf2 translocation to the nucleus
(Lämsä et al., 2010).

We previously found that chronic ethanol feeding to mice resulted
in a 2-fold increase in Nrf2 levels in the liver (Gong and Cederbaum,
2006). Ethanol has long been known to elevate CYP2E1 levels
(Lieber and DeCarli, 1972; Lieber, 1999); the 2-fold increase by
ethanol of Nrf2 levels was associated with a 4-fold increase in
CYP2E1 (Gong and Cederbaum, 2006). The potent inducer of
CYP2A5, pyrazole, can also elevate CYP2E1 (Song et al., 1986; Yang
et al., 1990; Winters and Cederbaum, 1992). Pyrazole treatment of
mice or rats elevated Nrf2 levels approximately 3-fold in association
with a similar increase in CYP2E1 (Gong and Cederbaum, 2006).
CYP2E1 plays an important role in ethanol-induced oxidative stress
(Lu and Cederbaum, 2008; Cederbaum et al., 2009). Chronic ethanol
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treatment can elevate other P450s besides CYP2E1, e.g., CYP2B
(Johansson et al., 1988) or CYP3A (Niemelä et al., 1998). Hepatic
levels of CYP2E1, CYP2A6, and CYP3A were elevated in patients
with alcoholic and nonalcoholic liver diseases (Niemelä et al., 2000).
One study in which ethanol was administered in the drinking water
(10% ethanol) for 2 weeks reported that ethanol did not elevate
CYP2A5 in DBA mice although pyrazole treatment did (Honkakoski
et al., 1988). However, ethanol induction of CYP2E1 was modest
(Honkakoski et al., 1988), and steatosis is generally not significantly
produced by ethanol in drinking water models. In the current study,
we evaluated whether chronic ethanol administration in a liquid diet
model that produces fatty liver and prominent induction of CYP2E1
can induce CYP2A5. Such a possible elevation would be important in
view of the toxicologically significant substrates that CYP2A5 me-
tabolizes, e.g., nicotine, coumarin, aflatoxin B1, and nitrosamines.
One goal of the current study was to determine whether chronic
ethanol consumption can elevate CYP2A5. The other goal was to
evaluate whether ethanol induction of CYP2E1 plays a role in the
ethanol induction of CYP2A5.

Materials and Methods

Animals and Ethanol Treatment. SV/129-background CYP2E1 knockout
(Lee et al., 1996) and humanized CYP2E1 transgenic knockin mice (Cheung
et al., 2005) were kindly provided by Dr. Frank J. Gonzalez (Laboratory of
Metabolism, National Cancer Institute, Bethesda, MD). Colonies were estab-
lished at Mount Sinai, and the female offspring of these mating pairs were used
in this study. The female SV129 wild-type mice were purchased from Charles
River Laboratories, Inc. (Wilmington, MA). Depending on the strain, female
mice express much higher levels of CYP2A4 than male mice, whereas
CYP2A5 is highly expressed in both male and female mice (Honkakoski and
Negishi, 1997; Su and Ding, 2004). All mice were housed in temperature-
controlled animal facilities with 12-h light/dark cycles and were permitted
consumption of tap water and Purina standard chow ad libitum until being fed
the liquid diets. The mice received humane care, and experiments were
performed according to the criteria outlined in the Guide for the Care and Use
of Laboratory Animals (Institute of Laboratory Animal Resources, 1996) and
with approval of the Mount Sinai Animal Care and Use Committee.

All mice were initially fed the control liquid dextrose diet (Bio-Serv,
Frenchtown, NJ) for 3 days to acclimate them to the liquid diet. Afterward, the
mice were fed either the liquid ethanol diet (Bio-Serv) or the control liquid
dextrose diet, as described by Lieber and DeCarli (1972), for 3 weeks. The
content of ethanol was gradually increased every 3 to 4 days from 10% (1.77%,
v/v) of total calories to 20% (3.54%, v/v), 25% (4.42%, v/v), 30% (5.31%,
v/v), and finally 35% of total calories (6.2%, v/v). For experiments involving
1 or 2 weeks of feeding (time course), the mice were directly subjected to the
diet containing ethanol as 35% of total calories. The control mice were pair-fed
the control dextrose diet on an iso-energetic basis. The ethanol-fed mice had
access to their rations ad libitum, and the conditions of wild-type, knockout,
and humanized transgenic mice were comparable. The amount of food con-
sumed by CYP2E1 knockout mice, the knockin mice, and the wild-type mice
was approximately the same.

No mice died in any group after 3 weeks of feeding with the control or
ethanol-containing diet. Before being sacrificed, the mice were fasted over-
night and body weight was measured. Blood was collected, and serum was
separated. As described by Lu et al. (2010), the ethanol feeding elevated serum
transaminases, hepatic steatosis, and oxidant stress in the CYP2E1 KI mice to
a much greater extent than in the CYP2E1 KO mice. Whole liver was removed,
and liver weight was measured. Then the liver was rapidly excised into
fragments and washed with cold saline, and 1 aliquot of tissue was placed in
10% formalin solution for paraffin blocking. Another aliquot of tissue was
placed in RNAlater solution (Ambion, Austin, TX) for RNA extraction. The
remaining aliquots were stored at �80°C for further assays. Liver homoge-
nates were prepared in ice-cold 0.15 M KCl and stored at �80°C in aliquots.

Cadmium Induction of CYP2A5. Cadmium chloride was injected once
intraperitoneally at 3 mg/kg b.wt. to WT, CYP2E1 KO, and CYP2E1 KI mice.
Before cadmium injection, some WT mice were given injections of saline or

vitamin C (Vc) (125 mg/kg i.p., twice per day for 3 days; on day 3 cadmium
was injected 30 min after the second Vc injection). Other WT mice were given
injections of N-acetyl-cysteine (NAC) (150 mg/kg i.p., once per day for 3 days;
on day 3, cadmium was injected 30 min after the NAC injection). Mice were
killed 18 h after the cadmium injection.

Immunohistochemical Staining. Immunohistochemical staining for
CYP2E1 was performed by using anti-CYP2E1 antibody (a gift from Dr.
Jerome Lasker, Hackensack Biomedical Research Institute, Hackensack, NJ)
followed by an IHC Select HRP/DAB kit. Immunohistochemical staining for
CYP2A5 was performed by using anti-CYP2A5 (a gift from Dr. Risto Ju-
vonen, Department of Pharmacology and Toxicology, University of Kuopio,
Kuopio, Finland) followed by a Broad Spectrum (AEC) Histostain-Plus kit
(Invitrogen, Carlsbad, CA). No staining was observed in the absence of the
primary antibody, either anti-CYP2E1 IgG or anti-CYP2A5 IgG.

Preparation of Hepatic Microsomes. Hepatic microsomes were prepared
by placing liver aliquots in 0.15 M KCl and homogenized in a Polytron
homogenizer for 10 strokes. The homogenate was centrifuged at 9000g for 20
min, and then the resulting supernatant fraction was centrifuged further at
105,000g for 60 min. The resulting pellets (microsomes) were resuspended in
50 mM sodium phosphate buffer (pH 7.4). All procedures were performed
under cold conditions.

CYP2E1 and CYP2A5 Activity. CYP2E1 activity was measured by the
rate of oxidation of 1 mM p-nitrophenol to p-nitrocatechol by 100 �g of
microsomal protein for 15 min at 37°C (Lu and Cederbaum, 2006). CYP2A5
activity was measured by assessing coumarin 7-hydroxylase activity with 100
�M coumarin as substrate plus 100 �g of microsomal protein and incubation
for 15 min at 37°C (Lu and Cederbaum, 2006, 2008).

Western Blotting. Hepatic proteins in liver homogenates were separated by
SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose
membranes. After 1 h of blocking with 2% fat-free milk, membranes were then
incubated overnight with CYP2E1, CYP2A5, and �-actin (Santa Cruz Bio-
technology, Inc., Santa Cruz, CA) antibodies followed by a 1-h incubation with
peroxidase secondary anti-rabbit, anti-chick, and anti-goat antibodies (Milli-
pore Corporation, Billerica, MA), respectively. Chemiluminescence was de-
tected by Image Reader LAS-4000 software (Fijifilm, Tokyo, Japan) after
addition of Pierce EC Western Blotting Substrate (Thermo Fisher Scientific,
Waltham, MA). �-Actin was used as a loading control. The bands of proteins
were quantified with the Automated Digitizing System (ImageJ gel programs,
version 1.34S; National Institutes of Health, Bethesda, MD).

Reverse Transcription and Real-Time Quantitative PCR Assay for the
mRNA Levels of CYP2A5 and CYP2A4. Total RNA from liver tissue was
isolated using TRIzol reagent (Invitrogen) according to the manufacturer’s
protocol. One microgram of RNA sample was reverse-transcribed to produce
cDNA using random hexamer primers and ImProm-II reverse transcriptase
(Promega, Madison, WI) according to the manufacturer’s instructions. The
primers were designed according to CYP2A5 (NM_007812.4) and CYP2A4
(NM_009997.2) mRNA sequences, which have 98% identity between them.
The primers are located in exon 3 (forward) and exon 4 (reverse), respectively.
To increase the specificity, the 3�-end base is different between CYP2A5 and
CYP2A4 (shown in lower case in the CYP2A4 primer sequences). A real-time
quantitative PCR assay for the expression of CYP2A5 with cDNA and Light-
Cycler 480 SYBR Green I Master (Roche Diagnostics GmbH, Mannheim,
Germany) was performed using the following primers: CYP2A5 (145 base
pairs) forward 5�-TCGGAAGACGAACGGTGCTTTT-3� (505–526) and re-
verse 5�-GCTTCCCAGCATCATTCGAAGC-3� (649–628) and CYP2A4
(147 base pairs) forward 5�-CGGAAGACGAACGGTGCTTTc-3� (507–527)
and reverse 5�-GAgGCTTCCCAGCATCATTCtAAGa-3� (653–629) in a
LightCycler 480 system (Roche Diagnostics GmbH). The protocol for real-
time PCR was activation of polymerase at 95°C for 10 min, then at 95°C for
10 s, at 55°C for 20 s, and at 72°C for 20 s for 50 cycles. All real-time PCR
products were applied by melting curve analysis. The mRNA levels of
CYP2A5 and CYP2A4 were normalized against the glyceraldehyde-3-phos-
phate dehydrogenase control levels using the comparative Ct (��Ct) method
(Livak and Schmittgen, 2001).

Statistics. Results are expressed as means � S.E.M. Statistical evaluation
was performed by one-way analysis of variance followed by the Student-
Newman-Keuls post hoc test. P � 0.05 was considered statistically significant.
The number of experiments is indicated in the legends to figures.
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Results

Levels of CYP2E1 and CYP2A5 in Wild-Type, CYP2E1
Knockout, and CYP2E1 Knockin Mice. To evaluate biochemical
and toxicological actions of CYP2E1, Gonzalez and colleagues (Lee
et al., 1996; Cheung et al., 2005) have established CYP2E1 KO mice
and CYP2E1 KI mice, in which the human CYP2E1 has been intro-
duced into the CYP2E1 KO mice. The latter allows studies on the
effects of human CYP2E1 in vivo in the absence of the mouse
CYP2E1 (Cheung et al., 2005). Pyrazole, an inducer of CYP2E1, can
also induce CYP2A5 (Juvonen et al., 1985; Nichols and Kirby, 2008).
We initiated studies to evaluate whether CYP2E1 and CYP2A5 levels
and induction are associated with each other. Figure 1 shows the
levels of CYP2E1 in WT mice, CYP2E1 KO mice, and CYP2E1 KI
mice. CYP2E1 was absent in the KO mice and present at high levels
in the KI mice compared with those in the WT mice. The antibody
used to detect CYP2A cannot distinguish between CYP2A4 and
CYP2A5, both of which are present in female mice, and immunoblots
detected two bands in livers of female wild-type control mice and
CYP2E1 KI mice (Fig. 1). The upper band was barely detectable in
livers from control male mice but was present in livers from female
control mice (data not shown). The bottom band was present in high
levels in livers of both male and female mice (data not shown).
Because CYP2A5 is present in livers from male and female mice
whereas CYP2A4 is very low or barely detectable in livers from male
mice, the top band in the immunoblots for CYP2A is likely to be
CYP2A4 and the bottom band is likely to be CYP2A5. Basal levels
of CYP2A5 followed a pattern similar to that of the basal levels of
CYP2E1: lowest in the CYP2E1 KO mice, intermediate in the WT
mice, and highest in the CYP2E1 KI mice (Fig. 1). CYP2A5 was
present in the absence of CYP2E1, but the highest levels of CYP2A5
expression occur when CYP2E1 is highly expressed. The top band in
the immunoblots, presumably CYP2A4, was also present at the high-
est levels in the CYP2E1 KI mice and barely detectable in the
CYP2E1 KO mice (Fig. 1).

Induction of CYP2A5 by Chronic Ethanol Administration. Be-
cause chronic ethanol feeding elevates CYP2E1, we evaluated
whether ethanol also induces CYP2A5 and if it does, whether there
was an association between induction of CYP2E1 and CYP2A5.
Figure 2B shows that after 3 weeks of ethanol administration, levels
of CYP2E1 were increased 2.4-fold by ethanol in WT mice compared
with those in the dextrose-fed controls. Levels of CYP2A5 were also
increased by ethanol in the WT mice (4.4-fold). However, ethanol did
not significantly elevate CYP2A5 in the CYP2E1 KO mice (Fig. 2B).
Oxidation of p-nitrophenol (PNP) and 7-hydroxylation of coumarin

were assayed as reflections of CYP2E1 and CYP2A5 catalytic activ-
ities, respectively. The chronic ethanol treatment elevated PNP oxi-
dation by approximately 3-fold in the WT mice: PNP oxidation was
very low and was not elevated by ethanol in the CYP2E1 KO mice
(Fig. 2A). Coumarin 7-hydroxylase activity was increased approxi-
mately 6-fold by ethanol in the WT mice, but no significant increase
was observed in the CYP2E1 KO mice (Fig. 2A).

Ethanol Induction of CYP2A5 Is Restored in CYP2E1 KI Mice.
If the poor ability of ethanol to induce CYP2A5 in CYP2E1 KO mice
is due to the absence of CYP2E1, restoring CYP2E1 should restore
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FIG. 1. Western blot analysis for the levels of CYP2A5 and CYP 2E1 in liver
homogenates from untreated WT, CYP2E1 KO, and CYP2E1 KI mice. Results from
three mice in each group are shown. Numbers under the blots refer to the CYP2A5
(lower bands)/�-actin or CYP2E1/�-actin ratio. �, P � 0.05 compared with the
CYP2E1 KO group; #, P � 0.05 compared with the CYP2E1 WT group.
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FIG. 2. Chronic ethanol administration elevates CYP2A5 levels in SV/129 WT
mice and CYP2E1 KI mice but not in CYP2E1 KO mice. WT, KO, and KI mice
(n � 4 in each group) were fed the dextrose or ethanol diets for 3 weeks. A,
microsomal oxidation of PNP or coumarin. B, Western blots to assay levels of
CYP2E1 and CYP2A5 in liver homogenates. C, immunohistochemical staining of
liver slices with anti-CYP2E1 or anti-CYP2A5 IgG to detect CYP2E1 or CYP2A5
in intact liver. �, P � 0.05 compared with WD group; #, P � 0.05 compared with
KID group; &, P � 0.05 compared with WE group. WD, wild-type dextrose control;
WE, wild-type mice fed ethanol; KOD, knockout mice fed dextrose; KOE, knockout
mice fed ethanol; KID, knockin mice fed dextrose; KIE, knockin mice fed ethanol.
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induction of CYP2A5 by ethanol. CYP2E1 KI mice were fed ethanol
or dextrose for 3 weeks. Levels of CYP2E1 protein and activity were
elevated in the CYP2E1 KI mice fed ethanol compared with those in
the dextrose controls (Fig. 2, A and B) and were even higher than the
levels and activity of CYP2E1 in the ethanol-fed WT mice. Levels of
CYP2A5 and activity of CYP2A5 were elevated by ethanol in the
CYP2E1 KI mice compared with those in the dextrose controls and,
similar to CYP2E1, were even higher than the levels and activity of
CYP2A5 in the ethanol-fed WT mice (Fig. 2, A and B). Thus, levels
and activity of CYP2A5 after ethanol treatment mimic levels and
activity of CYP2E1, both being low in CYP2E1 KO mice and both
being high in CYP2E1 KI mice. Immunohistochemical staining
showed that CYP2E1 and CYP2A5 colocalize to the same zones in
the livers of the ethanol-fed KI mice such that areas of the liver where
CYP2E1 is highly expressed are the areas where CYP2A5 is highly
expressed (Fig. 2C).

Time Course for Induction of CYP2E1 and CYP2A5 by Etha-
nol. Because ethanol elevated both CYP2E1 and CYP2A5 and the
ethanol elevation of CYP2A5 was blunted in the absence of CYP2E1
(CYP2E1 KO mice), we compared the time course for induction of the
two P450s by ethanol. Immunoblot analysis showed that CYP2E1 was
elevated after 1 week of ethanol feeding and then slowly increased further
after 2 and 3 weeks of ethanol feeding (Fig. 3A). Likewise, CYP2E1
catalytic activity was also elevated after 1 week of ethanol feeding and
slightly increased further at 2 and 3 weeks of ethanol feeding (Fig. 3B).
Levels and activity of CYP2A5 were not increased after 1 week of
ethanol feeding but began to increase after 2 and especially after 3 weeks
of ethanol feeding (Fig. 3, A and B). Thus, ethanol induction of CYP2E1
occurs before ethanol induction of CYP2A5.

Ethanol Elevates CYP2A5 (and CYP2A4) mRNA Levels. The
above studies show that chronic ethanol consumption elevates
CYP2A5 protein levels and activity in WT mice and CYP2E1 KI mice
but not in CYP2E1 KO mice. We evaluated whether such increases in
CYP2A5 by ethanol are associated with increases in CYP2A5 mRNA.

Indeed, the CYP2A5 mRNA was elevated by ethanol in WT mice and
CYP2E1 KI mice but not in CYP2E1 KO mice (Fig. 4B). The increase
in CYP2A5 mRNA was highest in the CYP2E1 KI mice fed ethanol,
analogous to the high protein levels and activity of CYP2A5 in these
mice. Ethanol did not elevate levels of CYP2E1 mRNA in the WT or
the CYP2E1 KI mice (data not shown) confirming that ethanol in-
duction of CYP2E1 is largely post-transcriptional (Song et al., 1986).
Ethanol increased CYP2A4 mRNA levels in all three mouse geno-
types (Fig. 4A). The increase in CYP2A4 mRNA in the CYP2E1 KO
mice by ethanol does indicate that these mice are responsive to
induction of at least some members of the CYP2A family, e.g.,
CYP2A4 but not CYP2A5.

Comparison of CYP2E1 and CYP2A6 Levels in Human Liver.
Samples of human liver (no information on age, gender, medications, and
possible polymorphisms was available) were obtained from the Depart-
ment of Pathology at Mount Sinai Medical Center, and levels of CYP2E1
and CYP2A6 (the human ortholog of the mouse CYP2A5) were deter-
mined. The CYP2A5 antibody recognizes CYP2A6. Levels of CYP2E1
varied widely, being elevated in one of two patients with alcoholic liver
disease and in two of four patients with cirrhosis (Fig. 5). Note that the
levels of CYP2A6 varied widely as well but were reflective of the levels
of CYP2E1 in that CYP2A6 was high in the one patient with alcoholic
liver disease who displayed high CYP2E1 and in the two patients with
cirrhosis who displayed elevated CYP2E1 but were low in those livers
that displayed low CYP2E1 (Fig. 5).

Cadmium Induction of CYP2A5. The above results suggest that
ethanol induction of CYP2A5 is largely CYP2E1-dependent, because
ethanol also induces CYP2E1. We evaluated whether other CYP2A5
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inducers that do not induce CYP2E1 also induce CYP2A5 in a
CYP2E1-dependent way. CYP2A5 can be induced by heavy metals;
induction of CYP2A5 by cadmium was shown to be dependent on
Nrf2 in liver (Abu-Bakar et al., 2004, 2007; Lämsä et al., 2010). The
ability of cadmium to induce CYP2A5 was evaluated in WT, CYP2E1
KO, and CYP2E1 KI mice. Figure 6A verifies that cadmium elevated
CYP2A5 catalytic activity in SV129 male and female WT mice, under
conditions in which it had no effect on CYP2E1 catalytic activity (Fig.
6A). To evaluate whether ROS are important for the elevated induc-
tion of CYP2A5 found in the presence of cadmium plus a basal level
of CYP2E1, the effect of two antioxidants on the induction of
CYP2A5 by cadmium in WT mice was determined. Results in Fig. 6B
shows that administration of vitamin C or N-acetylcysteine to cadmi-
um-treated WT mice blunted the elevation of CYP2A5 activity and
content. The two antioxidants had no effect on the activity of CYP2E1
(Fig. 6B).

Unlike ethanol, cadmium treatment increased CYP2A5 catalytic
activity in CYP2E1 KO mice (Fig. 6C). The cadmium-induced
CYP2A5 catalytic activity was much higher in CYP2E1 KI mice
compared with CYP2E1 KO mice, but considering the difference in
basal levels of CYP2A5 in the KO and KI mice, the extent of increase
in CYP2A5 activity by cadmium was similar (4.5-fold in KO versus
4.1-fold in KI) (Fig. 6C). Immunoblot analyses showed that cadmium
increased the level of CYP2A5 in both CYP2E1 KI mice and to a less
extent in CYP2E1 KO mice. The treatment with cadmium had no
effect on CYP2E1 levels in the KI mice (Fig. 6C). Thus, unlike the
chronic ethanol treatment, cadmium elevated CYP2A5 under condi-
tions in which it did not alter CYP2E1 activity or content, and
cadmium could induce CYP2A5 in the CYP2E1 KO mice.

Discussion

Although much of the focus on ethanol induction of P450s has been on
CYP2E1, chronic ethanol consumption can elevate levels of other P450s
such as CYP2B and CYP3A (Johansson et al., 1988; Niemelä et al.,
1998). Levels of CYP2E1, CYP3A, and CYP2A6 were elevated in livers
of patients with alcoholic and nonalcoholic liver diseases (Niemelä et al.,
2000). Induction of CYP2A5 has been suggested to occur in response to
liver injury (Su and Ding, 2004). Results in the current report show that
feeding mice an ethanol liquid diet results in an increase in CYP2A5
levels and catalytic activity compared with those in pair-fed dextrose
controls. Under these conditions, the ethanol feeding produces fatty liver
and an increase in triglyceride levels, but liver injury is minimal; e.g.,
transaminase levels are increased 2- to 3-fold and no necroinflammation
is observed (Lu et al., 2008b). Ethanol elevated CYP2A5 mRNA levels,
which probably explains the elevated CYP2A5 protein and activity;
however, possible post-transcriptional mechanisms contributing to the
elevation of CYP2A5 remain to be evaluated. Ethanol induction of
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FIG. 6. Induction of CYP2A5 by cadmium in WT, CYP2E1 KO, and CYP2E1 KI
mice. Mice were given intraperitoneal injections of cadmium chloride (3 mg/kg) or
saline as control, and 18 h later, mice were sacrificed. PNP oxidation as a reflection of
CYP2E1 activity and coumarin 7-hydroxlase activity as a reflection of CYP2A5 activity
were determined or levels of CYP2E1 or CYP2A5 were determined by immunoblots.
A, CYP2A5 but not CYP2E1was induced by cadmium in female and male WT mice
(n � 3 in each group). �, P � 0.05 compared with the male control group; #, P � 0.05
compared with the female control group; $, P � 0.05 compared with the male cadmium
group. B, Vc and NAC blocked cadmium induction of CYP2A5 in WT mice. WT mice
were pretreated with saline (n � 3), Vc (n � 3), or NAC (n � 3) before cadmium
treatment as described under Materials and Methods. Controls received saline intraperi-
toneally (n � 4). Catalytic activities and Western blots are shown. �, P � 0.05 compared
with the control group; #, P � 0.05 compared with the cadmium group. C, induction of
CYP2A5 by cadmium in female CYP2E1 KO and CYP2E1 KI mice (n � 4 in each
group). Treatments are identical to those for the female WT mice in A. Catalytic
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FIG. 5. Levels of CYP2E1 and CYP2A6 (the human ortholog of mouse CYP2A5)
in human livers. Western blots were performed on liver extracts from two patients
with alcoholic liver disease (ALD), from four patients with liver cirrhosis, and from
a control healthy liver. Diagnoses and liver samples were provided by the Depart-
ment of Surgical Pathology at Mount Sinai.
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CYP2E1 is mainly post-transcriptional, reflecting stabilization of
CYP2E1 against proteosome-mediated degradation (Song et al., 1986;
Roberts, 1997; Gonzalez, 2007), although increases in CYP2E1 mRNA
can occur at very high blood ethanol levels (Ronis et al., 1993). Ethanol
is a ligand and substrate for CYP2E1, which explains its ability to
stabilize and increase the half-life of CYP2E1 (Eliasson et al., 1988;
Lieber, 1999). Whether ethanol is a ligand and/or substrate for CYP2A5
is currently under investigation.

Whether the increase in CYP2A5 mRNA by ethanol reflects tran-
scriptional activation of the CYP2A5 gene or stabilization of the
CYP2A5 mRNA remains to be evaluated. Both mechanisms are
possible; e.g., pyrazole increases CYP2A5 by a post-transcriptional
mechanism involving binding of heterogenous nuclear ribonucleic
protein A1 to the 3�-untranslated region of CYP2A5 mRNA (Glisovic
et al., 2003). The oxidant-sensitive transcription factor Nrf2 has been
shown to regulate the CYP2A5 gene (Abu-Bakar et al., 2004, 2007;
Lämsä et al., 2010). Two putative stress response elements were
localized to positions �2514 to �2502 and �2386 to �2377 of the
CYP2A5 promoter with the more proximal sequence specifically
binding Nrf2 (Abu-Bakar et al., 2007). Pyrazole and heavy metals
were ineffective in inducing CYP2A5 in Nrf2 knockout mice (Lu et
al., 2008a; Lämsä et al., 2010). Chronic ethanol consumption in-
creases oxidative stress in the liver and elevates Nrf2 mRNA (Gong
and Cederbaum, 2006), which may contribute to the ethanol eleva-
tion of CYP2A5 mRNA levels. In the future, assays of nuclear
run-on experiments, mRNA stability, and chromatin immunopre-
cipitation analyses of Nrf2 binding to the CYP2A5 promoter and
investigation into whether ethanol induces CYP2A5 in Nrf2
knockout mice would help determine mechanisms by which etha-
nol elevates CYP2A5 mRNA levels.

We believe the most novel information in this study is the close
association between levels of CYP2E1 and CYP2A5 and the fact that
the induction of CYP2A5 by ethanol seems to be potentiated by the
induction of CYP2E1. Ethanol induction of CYP2A5 was blunted in
CYP2E1 KO mice but restored in CYP2E1 KI mice. Immunohisto-
chemical staining showed that the distribution of the elevated
CYP2E1 and CYP2A5 in the liver produced by the ethanol feeding
overlapped. Time course experiments showed that the elevation of
CYP2E1 by ethanol occurs before the elevation of CYP2A5, perhaps
suggesting that elevation of CYP2E1 by ethanol is important for the
subsequent induction of CYP2A5. In patients with alcoholic liver
disease or cirrhosis of the liver, those samples showing high levels of
CYP2E1 also had high levels of CYP2A6, and patients with low
levels of CYP2E1 had low levels of CYP2A6. Nrf2 is increased in
livers from mice and rats treated with pyrazole and in HepG2 hepa-
toma cells overexpressing CYP2E1 (Gong and Cederbaum, 2006).
These increases may be due to increases in the production of ROS by
the elevated levels of CYP2E1. Chronic ethanol feeding elevated
production of thiobarbituric acid-reactive substances, an assay for
lipid peroxidation, and lowered GSH levels in the liver of the WT and
the CYP2E1 KI mice but not the CYP2E1 KO mice (Lu et al., 2010).
Thus, ethanol increased oxidative stress in the WT and the KI mice
but not in the KO mice. We speculate that ethanol induction of
CYP2E1 followed by increases in production of ROS and then acti-
vation and translocation of Nrf2 to the nucleus are important steps in
the mechanism by which ethanol induces CYP2A5. We are currently
studying the effect of antioxidants such as N-acetylcysteine, ascor-
bate, and �-tocopherol on the ethanol induction of CYP2A5, as was
done with cadmium induction of CYP2A5 (Fig. 6B).

In view of data in the literature that Nrf2 is an important transcrip-
tion factor for induction of CYP2A5, the role of CYP2E1 in the
mechanism by which chronic ethanol induces CYP2A5 is hypothe-

sized to be due to induction of CYP2E1 and enhanced ROS produc-
tion, followed by activation of Nrf2. More surprising is the role of
CYP2E1 in contributing to cadmium induction of CYP2A5 under con-
ditions in which cadmium, unlike ethanol, does not elevate CYP2E1. The
decline in cadmium induction of CYP2A5 by vitamin C and N-acetyl-
cysteine suggests that ROS play a role in the induction mechanism.
We speculate that both cadmium and CYP2E1 separately produce
ROS; however, the levels of ROS are insufficient for maximal,
efficient activation of CYP2A5. Thus, WT mice with high levels of
CYP2E1 but without cadmium or CYP2E1 KO mice without CYP2E1
but with cadmium do not generate sufficient ROS for maximal
CYP2A5 induction. However, the combination of cadmium plus
CYP2E1 in WT or CYP2E1 KI mice results in sufficient ROS to
induce CYP2A5. Hence, basal levels of CYP2E1 in combination with
cadmium are sufficient to induce CYP2A5. In the case of chronic
ethanol induction, the ethanol elevation of CYP2E1 in the WT or KI
mice is necessary to generate sufficient ROS in the absence of
cadmium to activate CYP2A5; i.e., basal levels of CYP2E1 are not
sufficient. Whether CYP2E1 plays a role in induction of CYP2A5 by
other inducers, e.g., phenobarbital, is not known.

Although this study has focused on CYP2A5, chronic ethanol
treatment also elevated levels of CYP2A4 mRNA. This increase
appears to be independent of CYP2E1 because the increase occurs in
the CYP2E1 KO mice fed ethanol, and the increase was not higher in
the CYP2E1 KI mice with levels of CYP2E1 higher than those of the
WT mice. The increase in CYP2A4 does indicate that the CYP2E1
KO mice are responsive to inducers of certain CYP2A family mem-
bers by ethanol. The mechanism for this CYP2E1-independent etha-
nol induction of CYP2A4 is currently unknown.

Ethanol induction of CYP2A5 may be of toxicological significance in
view of the ability of CYP2A5 to metabolize hepatocarcinogens (Su and
Ding, 2004) and drugs such as nicotine (Yamazaki et al.,1999; Benowitz
et al., 2006; Zhou et al., 2010). The latter is of special interest because
most alcoholics are also smokers (Wall et al., 2007). The possible
contribution of CYP2A5 to the metabolic and toxicological effects of
ethanol, if any, would be important to evaluate; e.g., does CYP2A5, in
addition to CYP2E1, contribute to the increase in ROS production by
chronic ethanol consumption or to ethanol-induced fatty liver? Possible
approaches to evaluate this question are to study the effect of CYP2A5
inhibitors such as 8-methoxysalen, analogous to the use of the CYP2E1
inhibitor chlormethiazole, on ethanol-induced oxidative stress, steatosis,
or hepatotoxicity. CYP2A5 knockout mice have recently been developed
and used to show that CYP2A5 is the major nicotine and cotinine oxidase
in mouse liver (Zhou et al., 2010). It would be interesting to feed ethanol
to CYP2A5 KO mice and assay for parameters such as induction of
oxidant stress, liver injury, and steatosis. Is CYP2E1 induced by ethanol
in CYP2A5 KO mice? Induction of CYP2A5 by ethanol was decreased
in the CYP2E1 KO mice, suggesting interaction between these two
P450s. Although CYP2E1 has been implicated in some of the toxicolog-
ical and metabolic effects of ethanol, the possibility that induction of
CYP2E1 is permissive for the induction of CYP2A5 may reflect a new
contribution of CYP2E1 in the actions of ethanol.
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